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Abstract 
At the CO2 storage site Ketzin, near Berlin (Germany), an integrated monitoring concept has been applied for characterization of 
the reservoir state before and during CO2 injection. Electrical Resistivity Tomography (ERT) is an essential part of this multi-
method concept in order to image the spatial extent of the CO2 plume. ERT is shown to be sensitive to saturation changes caused 
by propagation of supercritical CO2 within a brine-filled reservoir. A permanent downhole electrode installation is placed behind 
casing in the three Ketzin wells (one for CO2 injection and two for observation). The so-called Vertical Electrical Resistivity 
Array (VERA) is deployed as crosshole configuration at a depth ranging from 590 to 735 meters, penetrating the Stuttgart 
formation, which hosts the target storage reservoir. For more than two years after finishing drilling and installation work the 
electrode array has been operating at a temperature of about 35 °C, an average reservoir pressure of about 75 bar, and a formation 
fluid pH of 5.5. These conditions have an effect on the life time of the components of the electrical monitoring system. Therefore, 
the performance of the VERA system has to be evaluated thoroughly during its long-term application. From the first results of the 
ongoing project we can conclude that crosshole ERT is indeed valuable as part of the CO2 monitoring program. Further use of the 
time-lapse resistivity data is in progress, e. g. support of CO2 distribution mapping in conjunction with results of seismic 
measurements. In the frame of an integrated monitoring concept, crosshole ERT can support the regulator’s work concerning safe 
reservoir operation and efficient risk management.  
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1. Introduction 
Geoelectrical measurements are particularly suited for monitoring CO2 storage in deep saline aquifers due to the 
high conductivity contrast between CO2 and brine [1, 2]. They provide additional information on the electrical 
resistivity of the fluid-bearing rock that can help to complete models of the subsurface based on other observation 
techniques as e.g. seismic measurements. The electrical resistivity can be interpreted in terms of the relative CO2 
and brine saturation [3]. Because CO2 is electrically isolating, the bulk resistivity of rock will increase when 
formation water in rock pores is displaced by CO2. For gaseous CO2, there is a high resistance contrast against the 
formation water, but it decreases in the case of dissolved CO2. At the Ketzin test site, the feasibility of monitoring 
CO2 migration in a saline aquifer at a depth of about 650 m with crosshole and surface-downhole electrical 
resistivity tomography as part of a multi-disciplinary monitoring programme is demonstrated [4]. 
The concept of geoelectrical crosshole monitoring is mainly based on borehole measurements with the Vertical 
Electrical Resistivity Array (VERA) at the three wells Ktzi200, Ktzi201 and Ktzi202, which span a perpendicular 
triangle (figure 1). This permanent downhole system consists of 45 electrodes (15 in the injection well Ktzi201 and 
15 in each of the two observation wells Ktzi200 and Ktzi202), successfully placed on the electrically insulated 
casings in the depth range of about 590 m to 735 m with a spacing of about 10 m. It is the deepest operating 
permanent geoelectric monitoring system in Europe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Schematic sketch of the Vertical Electrical Resistivity Array (VERA) installed in the three Ketzin wells 
Ktzi200, Ktzi201 and Ktzi202, at depth range 590 – 735 m.  
 
 
 Laboratory measurements conducted on well core samples of the reservoir sandstone indicated increase of the 
electrical resistivity of about 200 % caused by CO2 injection, corresponding to a bulk CO2 saturation of 50 % [5]. 
Corresponding low-to-medium resistivity time-lapse contrasts can be found in the field data. Such moderate 
changes, within a highly conductive saline aquifer environment constitute difficult constraints for the downhole 
geoelectrical monitoring system in its function as a surveillance tool for CO2 storage operation.  
A comprehensive database of measurement data has been achieved during several phases of the CO2 injection. It 
covers CO2 injection facility tests during the start of injection, phases of breakthroughs at the two observation wells, 
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and regular injection regime at maximum CO2 flow. The inversion of field data delivers three-dimensional 
resistivity distributions, from which 2D-sections between the wells have been derived in order to identify CO2 
caused signatures of increasing resistivity. First results from the observation plane Ktzi201-Ktzi200 show similar 
plume behaviour as obtained by forward modelling of a three-layer reservoir model with time-dependent CO2 
distributions derived from multiphase flow simulation [6]. Since installation (summer 2007) the VERA system 
withstood substantially three years long reservoir conditions. The supposed degradation of single electrodes is 
subject of further investigations.  
On this basis we can review on the performance of this monitoring tool, with regard to its technical effort and the 
gathered results and benefits in the frame of the Ketzin monitoring programme. 
 
2. Technical concept of the geoelectrical measurements 
The full permanent ERT installation per well took some 30 hours, including cable feed through at the well head. 
This was accomplished by installing the components according a well-defined work-flow. The cylindrical stainless-
steel electrodes of the VERA system are mounted on an insulated 5 ½” steel casing in the corresponding borehole 
(figure 2). Customized centralizers were deployed to guide the casing and to protect the multi-conductor cables 
against shearing at the borehole wall (figure 3). The ERT downhole cables have to resist carbon dioxide, saline 
water and drilling fluid. Different to the ERT-installation at the SECARB Cranfield test site in Mississippi, USA, 
where a steel armoured cable is deployed [7], we used a cable design with polyurethane jacket and a strength 
member in the centre. Therefore, watertight cable outlets terminated with watertight connectors plugged to the 
electrodes have been realized (figure 4). Although such a cable is more fragile when mounted on the casing, it can 
be installed without splitting into an electrical boot assembly to single conductors. Using fifteen electrodes, this 
design helped to keep the installation simple to reduce failure risks. 
During the installation of the VERA system resistivity measurements were done to make sure that the cable is still 
intact. Measurements with a reflectometer before and after installation confirmed full functionality. Data acquisition 
has been conducted with a system from ZONGE Engineering & Research Organization (Tucson Arizona, USA). 
To retrieve the resistivity distribution within the reservoir by inversion multiple resistance measurements are 
required [8]. Each measurement utilizes two electrodes for current injection and two potential electrodes for voltage 
measurement, and is realized via appropriate downhole acquisition schemes, as e.g. dipole-dipole, bipole-bipole and 
user-defined configurations between the Ketzin wells (figure 5). 
In our case, an electrical DC-current signal of squared waveform (on+, off, on-, off, on+, off, on-, off) with up to 3 
A and frequency f~0.125 Hz is applied over two cycles . The measured potential signals vary in the range from 50 
µV to about 100 mV (fig. 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
Fig. 3 Centralizer for multi- 
conductor cable protection, 
and cable connector above. 
Fig. 2 Ring-shaped electrode with mounting tool. 
Electrical insulation of the well pipe is given by a 
Ryt-Wrap™ membrane (dark material covering the 
pipe). 
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Environmental noise, induced polarization effects as well as possibly degradation of the subsurface installation were 
identified, and contribute to the difficult signal-to-noise behaviour of the acquired measurements (figure 6). Because 
the inversion program responds sensitive with regard to the noise content, the application of quality control 
procedures on the recorded data became a key issue during the course of the project, and is currently still under 
investigation. 
3. Modelling studies 
Generally, the migration of CO2 in storage formations is strongly affected by the heterogeneity of the reservoir. 
In the Ketzin case, the sandstone reservoir has a complex heterogeneous lithology consisting of sandy channel-
(string)-facies with good reservoir properties, alternating with muddy flood-plain-facies of poor reservoir quality 
Fig. 4 Cross section and key parameters 
of the downhole VERA cable (left side), 
and design of the cable outlets for the 15 
electrodes in each well (right side). 
Fig. 6  Examples of typical potential time-series 
from data acquisition with various signal 
qualities: regular (a,b), asymptotic discharging 
with spikes (c), almost randomly (d).  
Fig.5  Investigated electrode configurations, 
with the notation: (A, B) – current electrodes, 
(M. N) – potential electrodes. 
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[9]. The lack of knowledge of the actual geometry of the geological units and the petrophysical properties within a 
unit, such as the spatially variable distribution of permeability, is significant for the uncertainty of the numerical 
model. The impact of this uncertainty needs to be tested by sensitivity analysis. In our case, we investigated a 
homogeneous resistivity model with both a vertical and horizontal anomaly which represents simplified static CO2 
distribution scenarios (figure 7). We analyzed the resistance alteration for electrode configurations of the most 
important acquisition schemes of the Ketzin geoelectric monitoring concept (figure 5). Geoelectric forward 
modeling of these scenarios is conducted with the finite element method (FEM) using the modelling and inversion 
software BERT (Boundless Electrical Resistivity Tomography) [10, 11]. Resistance data of both scenarios are 
compared to corresponding data modelled on a completely homogeneous background model. Electrode 
combinations with large resistance changes between perturbated and homogeneous models are considered to be 
more sensitive than electrode combinations with small resistance changes. A comparison of the resistance changes 
deduced from both types of perturbation shows (figure 8a), that the Bipole-Bipole (BB) configuration is most 
sensitive for the vertically shaped anomaly, whereas the Dipole-Dipole cross (DDc) configuration is most sensitive 
for the horizontally shaped anomaly. The Dipole-Dipole configuration does not show a distinct sensitivity for the 
shape of a specific anomaly. A comparison of modelled data and field data is given in figure 8b. It is observable that 
average resistance magnitudes for BB and DDc data correspond, whereas DD data measurements show a shift of 
one order of magnitude. It is presumed that this shift is caused by small distances within the electrode pairs, which 
increase the role of effects influencing the electric current flow on smaller scales (e.g. fine-layering within reservoir 
sandstone). 
 
Fig. 7 Horizontal and vertical perturbation 
(=2.0  m) in the homogenous model (=0.75 
 m), corresponding to sandstone reservoir 
properties [5]. 
Figure 8b Resistances R for the electrode configurations 
under investigation from synthetic modelling (upper line) 
and real field data of the VERA baseline measurements 
(lower line). R (in ) is displayed as decadic logarithm 
for compact illustration. 
Figure 8a  Deviations of resistances for the deployed 
electrode configurations, modelled with synthetic data 
for both types of anomalies in the homogeneous half-
space. 
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4. Field results 
For a first inversion of the acquired field data the software EarthImager 3D from Advanced Geosciences Inc. 
(AGI) has been applied. This program realizes finite difference (FD) forward modelling of three-dimensional (3D) 
electrical resistivity distributions, and allows the resistivity inversion of time-lapse datasets [12]. Reaching a 
progressed phase of project, the field datasets are inverted by the above mentioned finite element code BERT [13], 
which offers inversion on tetrahedral grids of arbitrary geometry. Furthermore, the program facilitates accurate 
handling of even the subsets of the Ketzin field data with significant noise by means of an error-weighting 
procedure. This enables data with proper signal-to-noise ratio to contribute with stronger weight than erratic data. 
Therefore, the program is able to obtain a stable time-lapse resistivity signal in the vicinity of the injection well 
(figure 9). The time-lapse effect has been evaluated from start of injection until the present regular injection regime. 
From the sections of the plane Ktzi201-Ktzi200 a signature is observable, which represents a significant resistivity 
increase in the target sandstone reservoir layer ( ~ 635m -650 m), which is interpreted to be caused by the CO2 
migration. 
The spatial resolution of the VERA configuration depends on the actual resistance contrasts in the subsurface, 
and on the electrode and borehole separation. Assuming the half of the electrode spacing as a maximum spatial 
resolution, 5m is the spatial resolution provided by installed electrode strings. The best lateral resolution is obtained 
in the near wellbore area. Model calculations and empirical estimations have pointed out a radius of investigation of 
about 30 to 40 meters around the wells for detectability of significant resistivity alterations. The lowest resolution is 
expected along a vertical stripe central between the boreholes, and in the diagonal line between Ktzi201 and 
Ktzi202, by the lack of electrodes [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 2D Crosshole ERT inversion results for the observation plane Ktzi200-Ktzi201, drawn as distribution of 
inverted resistivity (upper line), and as distribution of resistivity ratio between the dated measurement and the 
baseline (lower line). The time-lapse sequence from the beginning of CO2 injection until the final phase of the 
CO2SINK project shows significant resistivity increase at the approximate depth of the reservoir target zone. Note 
that the 5x5m inversion grid model shown here is constrained by half the electrode spacing and composed of 
pairwise connected tetrahedral elements. 
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Additional to the electrode configurations described above, configurations measuring with four electrodes 
distributed over the three wells are in application. A combination of these two types of datasets allows for true 3D 
tomographical inversion of the resistivity in the volume between the wells (figure 10). Certainty in the interpretation 
of the time-lapse volumes is significantly increased by access to data of high temporal density, which is solely 
permitted by a permanent installation. Changes in the reservoir resistivity indicate the volume of reservoir rock 
affected by the CO2 migration. Evaluation of 3D inversion results together with an appropriate petrophysical model 
can relate the resistivity to the CO2 saturation. Combining this with reservoir rock properties (e.g. well-log 
calibrated porosity) one can quantitatively estimate the stored CO2 volume [14]. Therefore ERT measurements are 
thought to be a suited tool to determine the CO2 volume trapped within the storage horizon, which is a major task for 
the test site’s reservoir management.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Summary and Outlook  
At the Ketzin test site successful installation and operation of a permanent vertical resistivity array is conducted, 
with up to now promising performance. The shown results were guided by a phenomenologic modelling study of 
geoelectrical crosshole surveys for monitoring resistivity anomalies in the Ketzin sandstone reservoir. Regardless of 
the site-specific conditions, a general workflow has been developed to establish crosshole geoelectric monitoring as 
useful method for CCS applications in general. In the context of performance assessment critical topics comprise the 
general suitability of crosshole ERT measurements for CO2 detection, the reliability and longevity of the equipment, 
and CO2 saturation estimation. The acquired ERT database allows detailed investigation of electrode configurations 
and time-series analysis of voltage data. Pre-inversion analysis, e.g. measurements of contact resistances at VERA 
electrodes, helps to identify noise effects caused by environmental influences or degradation of the downhole array 
components. Efficient raw data preparation and comprehensive quality control have been shown to be indispensible 
for reliable time-lapse inversion and interpretation. 
Near future investigations intend to integrate VERA data with geoelectric data acquired from the surface. 
Furthermore, a joint interpretation with results from other geophysical monitoring methods (e.g. crosshole seismics) 
is intended. This is thought to lead to a more conclusive estimation of the potential role of geoelectric measurements 
within multi-method and multi-scale CO2 monitoring programs. A direct comparison of data and experiences 
between test sites with similar monitoring programs (e.g. Cranfield site, USA) are thought to be helpful to broaden 
knowledge and conclude on general, resilient recommendations for future CCS sites. 
Fig. 10  3D inversion result of field 
data from June 2009 vs. baseline 
data, where isosurfaces with 
resistivity ratios  monitor/base > 2 
have been drawn.  
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